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This paper discusses the potential to enhance the anaerobic digestion of food waste
FW by supplementing trace elements (Fe, Co, Ni, Zn, Mn, Cu, Se, and Mo) individually
as well as in cocktails. A series of batch experiments on the biomethane potential of
synthetic food waste were performed with low (FW-A) and high (FW-B) trace element
background concentrations prepared in, respectively, Delft (The Netherlands) and Tampa
(Florida, USA). The most effective trace elements for FW-A were Fe with an increase
of 39.2 (±0.6)% of biomethane production, followed by Se (34.1 ± 5.6% increase), Ni
(26.4 ± 0.2% increase) and Co (23.8 ± 0.2% increase). For FW-B supplementing these
trace elements did not result in enhancement of the biomethane production, except
for Se. FW-B had a Se concentration of 1.3 (±0. 5) µ g/gTS, while it was below the
detection limit for FW-A. Regardless of the FW source, Se resulted in 30–35% increase of
biomethane production at a concentration range of 25–50µg/L (0.32–0.63µM). Volatile
fatty acids analysis revealed that TE supplementation enhances their consumption, thus
yielding a higher biomethane production. Moreover, additional experiments on sulfide
inhibition showed the enhancing effects of trace elements on the anaerobic digestion of
food waste were not related with sulfide toxicity, but with the enzymatic reactions and/or
microbial biomass aggregation.
Keywords: anaerobic digestion, food waste, trace element requirement, sulfide inhibition, selenium, iron
INTRODUCTION
Food waste (FW) is the largest fraction of municipal solid waste, and it was estimated that 1.3 billion
tons of food is wasted every year (FAO, 2011). At present the most common FW stabilization
technology is still landfilling. Landfilling is strongly discouraged by legislations such as the EU
Directives on Landfill (1999/31/EC) and the Waste Framework (2006/12/EC), as it utilizes huge
land areas and contributes to further environmental impacts including soil and groundwater
pollution, greenhouse gases emissions (Ariunbaatar et al., 2014). Besides the environmental issues
associated with FW, it is worth mentioning that 250 km3 of water and 28% of the world’s
agricultural area is used for the production of the 1.3 billion tons of FW (Parfit et al., 2010). It
is thus important to recover and/or recycle waste to endorse responsible usage of natural resources.
Therefore, anaerobic digestion (AD) of FW has become an important research field, as it couples
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waste stabilization to the production of energy as well as fertilizer
(Zhang et al., 2011; Ariunbaatar et al., 2014).
FW contains easily biodegradable solids and a high water
content, thus it serves as a perfect substrate for AD. Nevertheless,
previous studies have shown that regardless of the inoculum
origin, a prolonged operation of AD on FW, even at low organic
loading rates, could suffer from instability due to the increased
inhibition by volatile fatty acids (VFA), ammonia and/or sulfide
(Demirel and Scherer, 2011; Zhang et al., 2015). This instability
is often linked with the lack of micronutrients or trace elements
(TE; Demirel and Scherer, 2011; Banks et al., 2012; Zhang
et al., 2015). The effects of TE to recover anaerobic digesters
from failure have been studied extensively (Zhang et al., 2015).
Supplementing TE does not only prevent and/or recover an
inhibition; it can also enhance the AD process and yield a higher
biomethane production.
To understand the roles of TE in an anaerobic system,
the biochemical reaction and the anaerobic food web have
always been the core of the research. It is well known that
in anaerobic processes, TE generally act as: (1) micronutrients
for various enzymatic reactions as co-factors; (2) promoters
of microbial aggregation, which leads to an enhanced activity
of the anaerobic microbes in case of syntrophy; (3) agents
binding carriers-proteins and/or nutrients such as phosphates;
(4) help to overcome sulfide toxicity through metal sulfide
precipitation; (5) at higher concentrations TE can become
toxicants to the microbial biomass (Takashima and Speece,
1989; Oleszkiewicz and Sharma, 1990; De Vrieze et al., 2013).
These various effects of the TE depend on the environmental
conditions, the background concentrations, bioavailability, and
microbial uptake. Bioavailability of TE is often correlated with
their speciation, which is the distribution of an element amongst
different chemical species in a system (Worms et al., 2006; Ortner
et al., 2015).
Various concentrations of different TE have been studied
for the AD of FW. For instance, Zhang et al. (2011) used
supplements of trace metals (Fe, Co, Mo, and Ni) to stabilize
a single-stage reactor treating FW, and concluded that Fe was
the most effective metal for a stable AD of FW. Similarly, De
Vrieze et al. (2013) obtained a higher methane production from
co-digestion of FW with an iron-rich activated sludge. Banks
et al. (2012) found that adding Se and Co could recover a
FW digester suffering from a propionic acid accumulation due
to elevated ammonium concentrations. Facchin et al. (2013)
achieved a 45–65% higher methane production yield from FW
with supplementation of TE (Co, Mo, Ni, Se, and W) cocktail,
and stressed the importance of Se and Mo for the biomethane
production. Qiang et al. (2012) studied the requirements of
Fe, Co, Ni for high-solid FW digestion (6.3 kgCOD/m3.d); and
calculated the theoretical values of Fe, Co, and Ni per gram
of chemical oxygen demand (COD) of the FW to be 200.0,
6.0, and 5.7mg/kgCOD, respectively. Nevertheless, none of the
studies carried out a systematic experiment on the trace element
benchmark concentrations for an enhancement or an inhibition
of the biomethane production from FW.
This research aims at investigating the concentration range
of the TE for an inhibition or enhancement for a typical
FW prepared in Delft (The Netherlands). A series of batch
experiments on the biomethane potential (BMP) of a synthetic
FW was conducted by supplementing cocktails of TE including
cobalt, nickel, copper, manganese, iron, zinc, selenium, and
molybdenum. The first set of BMP tests focused on the optimum
concentrations of the TE supplementation for an enhancement
of the BMP. The next set of experiments was carried out to
determine the different effects of the TE individually or in
groups. A follow-up experiment on the most important TE
was conducted with FW prepared in Tampa (USA) using the
same inoculum and experimental conditions. An additional
experiment on hydrogen sulfide inhibition was conducted to
elaborate the potential role of TE in alleviating hydrogen sulfide
toxicity in the anaerobic process.
MATERIALS AND METHODS
Substrate and Inoculum
FW composition varies on many factors such as the region,
season, culture, economic income, and demographics. To reduce
experimental bias, the substrate used for this research was
synthetically generated based on an average compositional
analysis of FW in the EU, as it was used in previous research
(Ariunbaatar et al., 2014, 2015). It contained 79% fruits
and vegetables, 5% pasta and rice, 6% bread and bakery,
8% meat and fish, 2% dairy product (Ariunbaatar et al.,
2014, 2015). A fresh substrate was prepared for each set
of experiment using food bought from local supermarkets
in Delft, The Netherlands (Albert Heijn) and Tampa, USA
(Walmart). Although the same ingredients were used, the
synthetic FW-A (prepared in Delft, The Netherlands) and FW-B
(prepared in Tampa, USA) had differences in the TE background
concentrations.
For all experiments, the same digestate from a full-scale
mesophilic AD plant located in Capaccio-Salerno (Italy) was
used as inoculum. The plant treats the buffalo dung together
with the milk whey and sewage sludge generated from the
mozzarella producing industry. It was used previously in
studies of Ariunbaatar et al. (2014, 2015) and Liotta et al.
(2015).
Biomethane Potential Tests
The biomethane potential (BMP) test of FW was conducted
in duplicate serum bottles as described by Ariunbaatar et al.
(2014, 2015). The substrate to inoculum ratio was 0.5 gVS/gVS.
Prior to starting the BMP test in an incubator controlled at
mesophilic condition (35 ± 2◦C), all BMP test bottles were
flushed with nitrogen (or helium) gas to ensure anaerobic
conditions. To maintain the initial total alkalinity (3.5–4.0
gCaCO3/L) of the inoculum, sodium bicarbonate (NaHCO3)
was added to each bottle. The daily biomethane production was
measured with the liquid displacement method using sodium
hydroxide (120 g/L) to absorb the carbon dioxide. The BMP
test was continued for 20 days, as most (80–85%) of the
organics are converted to biomethane and the AD process
reaches a plateau (Ariunbaatar et al., 2014, 2015). The normalized
specific biomethane production (SBP) was calculated using the
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TABLE 1 | Trace elements groups used in this research.
TE category Oxidation state Group number* TE tested
Metals TE (II) 1 Co; Ni
2 Co; Ni; Fe
3 Co; Ni; Fe; Zn
4 Co; Ni; Fe; Zn; Mn; Cu
Transition
metals and/or
metalloids
TE (VI) – Se; Mo
*Group number refer to TE mixture.
net cumulative biomethane production (after deducting the
biomethane production of the blank, i.e., the inoculum without
substrate) and the initial VS added.
The first set of experiments was carried out to determine the
concentration ranges for inhibition or enhancement of the AD
process by adding a cocktail solution of TE. A stock solution of
each TE (NiCl2·6H2O, CuCl2·2H2O, MnCl2·2H2O, FeCl2·4H2O
CoCl2·6H2O, ZnCl2, Na2SeO4, Na2MoO4) was prepared. A
cocktail solution containing all the TE was added to the bottles
in eight different concentrations (5, 10, 50, 100, 500µg/L, and
1, 3, 10mg/L). After determining the optimum enhancement
concentration, a second set of experiments was carried out
focusing on the different effects of the TE by grouping them
based on their elemental category and/or their oxidation state
as shown in Table 1. The effects of supplementing four different
groups of TE (II): (1) Co, Ni; (2) Co, Ni, Fe; (3) Co, Ni, Fe, Zn;
and (4) Co, Ni, Fe, Zn, Mn, and Cu were studied (Table 1). The
effect of TE, which resulted in the highest BMP was also tested
individually.
Different concentrations of sodium sulfide (corresponding to
50, 75, 150, 250, and 500mg H2S/L) were added in the serum
bottles to perform the batch experiment on the hydrogen sulfide
inhibition of the BMP tests of FW.
Analytical Methods
Total solids (TS) and volatile solids (VS) were conducted in
triplicates according to the standard methods1, and the ashes
were preserved with 1% nitric acid. Total TE concentration
was analyzed in ash samples by Thermo-Scientific ICP-MS.
The minimum detection limit for the ICP-MS method was
2µg/L, and the final values were converted to µg/gTS for
comparison with the literature. Hydrogen sulfide and volatile
fatty acids (VFA) samples were taken every 4 days from the
liquid fraction. Hydrogen sulfide concentrations were measured
with Hach test kits following the manufacturer’s guidelines
(HACH, Loveland, Colorado, USA). The VFA samples were
prepared in 2% formic acid and analyzed by gas chromatography
(Varian 430-GC) equipped with a Nukol Supelco FID column,
using helium as a carrier gas as described by Mussoline et al.
(2013).
1APHA, Standard Methods for the Examination of Water and Wastewater 21st
Edn. ISBN: 0875530478.
TABLE 2 | Concentration of TE in the FW and inoculum.
Buffalo manure (µg/gTS) FW-A (µg/gTS) FW-B (µg/gTS)
Fe 682.72 ± 28.78 213.91 ± 24.50 510.93 ± 7.34
Ni 4.93 ± 0.05 3.97 ± 1.32 11.25 ± 0.95
Mn 107.78 ± 26.88 52.12 ± 5.10 20.33 ± 5.86
Co 1.35 ± 0.45 0.73 ± 0.07 2.73 ± 0.08
Cu 28.72 ± 22.07 3.97 ± 0.66 22.27 ± 4.65
Zn 214.42 ± 137.72 239.07 ± 33.77 361.34 ± 4.27
Se 4.81 ± 0.06 BDL 1.34 ± 0.45
Mo 7.32 ± 2.41 1.99 ± 0.66 10.67 ± 5.70
W <0.03 N/A 0.43 ± 0.02
BDL, below detection limit; N/A, not analyzed.
RESULTS
Characterization of Substrate and
Inoculum
The TS and VS concentrations of the synthetic FW were 24.1
(±0.4)% and 21.9 (±0.1)%, respectively, whereas the inoculum
contained 2.5 (±0.5)% of TS and 1.5 (±0.4)% of VS. Table 2
shows the concentrations of the TE in the FW and inoculum.
Interestingly FW-B (prepared in USA) had a much higher
concentration of all TE, except for manganese (Mn), regardless
that the same ingredients were used for the FW preparation. It
is also interesting to note that selenium (Se) was not detected in
FW-A, but was present at 1.3 (±0. 5) µg/gTS in FW-B (Table 2).
Effect of TE Concentration on AD of FW-A
The control (with no TE addition) of FW-A had a net SBP
of 421.2 (±14.6) mlCH4/gVSadded. Table 3 shows the cocktail
solution concentration and its enhancing or inhibiting effects on
the net SBP of FW-A. It can be seen that supplementing a TE
cocktail solution of 5–500µg/L to the BMP test bottles yielded
an enhancement of the AD process, while higher concentrations
resulted in an inhibition of the AD process (Table 3A).
Figure 1 shows the highest SBP results of 499.6 (±8.0)
mlCH4/gVSadded and 489.9 (±7.3) mlCH4/gVSadded were
achieved with a supplementation of 50 and 10µg/L of TE
cocktails, respectively, which are 18.7 (±2.2)% and 16.0
(±5.8)% higher than the control. Hence, the optimum TE
supplementation concentration range is between 10 and 50µg/L
for this particular type of inoculum and FW (Table 3A and
Figure 1).
Table 3B shows the concentrations of the individual TE for
the second set of experiment. Figure 2 illustrates the highest
enhancement was achieved with the second (Co, Ni, Fe) and
third (Co, Ni, Fe, Zn) cocktail solutions, with a SBP of 481.3
(±10.1) mlCH4/gVSadded and 472.4 (±8.0) mlCH4/gVSadded,
respectively.The increase of SBP by the first and fourth groups of
TEwas almost similar with negligible differences (459.9± 8.9 and
462.8 ± 12.4mlCH4/gVSadded), which implies the cobalt, nickel,
iron and zinc cocktail had a more positive effect than manganese
and copper addition. Hence, the next set of experiments was
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TABLE 3 | Effect of TE concentrations on the net SBP of FW-A: (A) First set of experiment; and (B) Second set of experiment.
(A)
Cocktail solution Concentration Individual TE (µg/L) Ni (µM) Cu (µM) Mn (µM) Fe (µM) Co (µM) Zn (µM) Se (µM) Mo (µM)
C1 10mg/L 1250 21.29 20 23 22 21 19 16 13
C2 3mg/L 375 6.39 5.86 6.82 6.70 6.36 5.73 4.75 3.91
C3 1mg/L 125 2.13 1.95 2.27 2.23 2.12 1.91 1.58 1.30
C4 500µg/L 62.5 1.06 0.98 1.14 1.12 1.06 0.96 0.79 0.65
C5 100µg/L 12.5 0.21 0.20 0.23 0.22 0.21 0.19 0.16 0.13
C6 50µg/L 6.25 0.11 0.10 0.11 0.11 0.11 0.10 0.08 0.07
C7 10µg/L 1.25 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01
C8 5µg/L 0.625 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
(B)
Group number TE in the cocktail solution Concentrations of individual TE (µM)
Ni Co Fe Zn Cu Mn Se Mo
1 Co; Ni 0.43 0.42 – – – – – –
2 Co; Ni; Fe 0.28 0.28 0.30 – – – – –
3 Co; Ni; Fe; Zn 0.21 0.21 0.22 0.19 – – – –
4 Co; Ni; Fe; Zn; Mn; Cu 0.14 0.14 0.15 0.13 0.13 0.15 – –
– Se; Mo – – – – – – 0.32 0.26
FIGURE 1 | Effect of TE cocktail concentration (5µg/L–10mg/L) on the SBP of FW-A.
carried out to determine the individual effect of this third group
of TE on the BMP of FW, i.e., Co (II), Ni (II), Fe (II), and Zn (II).
Figure 3A shows the cumulative biomethane production
curves of the BMP bottles supplied with 50µg/L solutions of
Fe (0.89µM), Zn (0.76µM), Ni (0.85µM), and Co (0.85µM)
each. Each of them yielded at least a 18% higher biomethane
production than the control. Figure 3B shows the Fe (II)
supplementation yielded a remarkable 39.2 (±0.6)% higher SBP,
followed by nickel and cobalt with a 23–26% increase.
Another set of experiments was carried out supplementing TE
with oxidation state of six, i.e., transition metals [Mo (VI)] or
metalloid [Se (VI)] as a cocktail (Table 1) as well as individually
(Figure 4). Adding only Se (VI) to the bottles yielded a notable
SBP increase of 34.1 (±5.6)% (Figure 4B), whereas Mo (VI)
had an inhibitory effect (data not presented). Supplementing a
cocktail of TE (VI) had a relatively poor SBP increase of 9.5
(±1.3)%, which can be attributed mostly to the Se (VI) effect.
Se (VI) and Fe (II) supplementation resulted in the highest
(>30%) enhancement of the BMP of FW-A (Figures 3, 4), thus
the detailed VFA analysis of these samples was studied. Figure 5
shows the samples with the Fe (II) and Se (VI) supplementation
had much lower acetic, propionic, iso-butyric and butyric acids
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FIGURE 2 | Effect of TE (II) on the SBP of FW-A.
concentrations as compared to the control. On the first day of the
BMP test, both iron, and selenium supplemented bottles had a
similar (442.9 and 465.1mg/L) acetic acid concentration, which
is twice as less as the concentration in the control (893.2mg/L).
On day 5, the acetic acid concentration decreased to 148.7mg/L
in the BMP test with iron supplementation, whereas it increased
to 562.7mg/L in the bottle with selenium supplementation. The
acetic acid concentration gradually decreased in all the BMP test
bottles with time (Figure 5). The propionic acid concentration
in the control was higher (279.3mg/L) as compared to the
propionic acid concentration in the iron (173.5mg/L) and
selenium (112.1mg/L) supplemented bottles. It should also be
stressed that throughout the experiment the propionic acid
concentration was much lower in the selenium supplemented
incubations.
Effect of TE Supplementation on FW-B
The net SBP of the FW-B was 412.5 (±12.0) mlCH4/gVSadded,
which is comparable with the SBP obtained with FW in
EU. Surprisingly, supplementation of TE did not yield
any enhancement of the biomethane production (data not
presented). Only the case of Se (VI) addition of 10–20µg/L
(0.13–0.25µM) yielded a 30.1 (±2.4)% increase of biomethane
production (Figure 6).
Hydrogen Sulfide Inhibition on FW-B
Figure 7 shows the sulfide inhibition of the AD of FW-B starts
around 50mg/L, resulting in 5.13 (±2.76)% less SBP. Based
on the SBP results and the hydrogen sulfide concentrations,
the IC50 was calculated as 215mg/L at pH of 6.4–8.0. The
maximal hydrogen sulfide concentration obtained in all the tested
scenarios with TE as well as the control for FW-B, was less than
15mg/L in the system throughout the experiment.
DISCUSSION
Importance of TE Supplementation on AD
of FW
This study showed that the background TE concentration of FW
determines the enhancement of the BMP of FW (Table 4). The
net SBP of FW-A and FW-B were 421.2 (±14.6) mlCH4/gVSadded
and 412.5 (±12.0) mlCH4/gVSadded, respectively, which is in a
good agreement with the literature (Banks et al., 2012; De Vrieze
et al., 2013; Ariunbaatar et al., 2014, 2015). The effect of TE
addition had nevertheless a different effect on FW-A and FW-B,
due to their different TE background concentration (Table 2).
The importance of the trace metals Fe, Ni, Co and the
metalloid Se was very clear for FW-A with low TE concentration,
while only Se addition had enhancing effect on FW-B with high
TE background concentration (Table 4). Similarly Lindorfer et al.
(2012) reported that samples from exclusive digestion of FW
and food production wastes from single sources in Germany and
Austria showed a low concentration of several TE, including Cu,
Ni, Zn, Co, Mn, Mo, Se, and W.
Hydrogen sulfide, produced by degradation of sulfur
containing amino acids or dissimilarity sulfate reduction
using sulfate present in the initial substrate, is highly toxic
to microorganisms, as it forms an inactive protein, metal
complexation, and interferes with key metabolic enzymes in
the cells (Karhadkar et al., 1987; Zandvoort et al., 2006; Chen
et al., 2014). Therefore, the experiment on sulfide inhibition
was conducted (Figure 7) and the calculated IC50 was in the
range of the reported values of 125–250mg/L (Koster et al.,
1986; Oleszkiewicz et al., 1989; Chen et al., 2008). However, no
difference in the hydrogen sulfide concentration was observed
between the control and the TE supplemented incubations
(50µg/L). The hydrogen sulfide concentrations (15mg/L) that
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FIGURE 3 | The individual effect of Fe, Zn, Ni, and Co on the BMP of FW-A: (A) Cumulative methane curves; and (B) SBP.
developed in the BMP tests were much lower than the inhibitory
level (Figure 7) throughout the experiment, suggesting that there
was no hydrogen sulfide inhibition in the AD of FW. Ortner
et al. (2014) also observed no sulfide inhibition with AD treating
slaughterhouse waste. Hence, the enhanced SBP due to addition
of TE was not related with sulfide, but rather with the enzymatic
reactions (physiological contribution; Oleszkiewicz and Sharma,
1990; Glass and Orphan, 2012; Thanh et al., 2015) and/or
the aggregation of microbial biomass promoting interspecies
electron transfer (Oleszkiewicz and Sharma, 1990; Thanh et al.,
2015).
Roles of Fe (II) and Se (VI) on the AD of FW
This study elucidated the most important TE (II) were Fe>Ni>
Co for the AD of FW-A (Figures 2, 3). It corresponds with the
order of the most commonly found TE concentrations (Fe >>
Zn≥Ni>Co=Mo>Cu) in methanogenic archaea (Takashima
and Speece, 1989). The performance of the AD process fed with
FW can indeed be enhanced by supplementing Fe (II) (Qiang
et al., 2012, 2013; De Vrieze et al., 2013).
Regardless of the biochemical pathways to produce methane,
almost every metalloenzyme involved in the methanogenesis
contains Fe (Glass and Orphan, 2012), whereas Co and Ni
are contained only in some of the essential metalloenzymes
such as CO dehydrogenase, acetyl-CoA decarbonylase, methyl-
H4SPT:HS-CoM methyl-transferase, methyl-CoM reductase
(Oleszkiewicz and Sharma, 1990; Zandvoort et al., 2006;
Pobeheim et al., 2011; Glass and Orphan, 2012; Nordell et al.,
2016). Besides, the crucial roles of Fe in metalloenzymes,
high concentrations of Fe supplementation are an important
factor for other TE speciation and solubility, particularly
for Ni and Co (Shakeri Yekta et al., 2014). Therefore,
supplementing Fe (0.89µM for FW-A) resulted in the
stimulation of the overall microbial activities and thus a
quick consumption of VFA (Figure 5) and an increased
SBP (Figure 3). Nevertheless, addition of Fe for FW-B
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FIGURE 4 | Effect of TE (VI) on the SBP of FW-A: (A) Cumulative methane curves; and (B) SBP.
did not result in enhancement or inhibition of the AD
process. Interestingly, the total concentration of Fe in FW-B
(Table 1) is almost similar to the inhibitory level of the FW-A
(Table 3), which indicates only some of the Fe in FW-B was
bioavailable.
Selenium was not detected in FW-A, and was present only
in low concentrations in FW-B (Table 1). This study showed
that Se (VI) of the AD of FW is as important as Fe (II) for the
AD of FW. The crucial roles of Se (VI) have been stressed by
several recent studies (Banks et al., 2012; Facchin et al., 2013;
Yirong et al., 2015; Zhang et al., 2015). Supplementing Se (VI)
reduced both the acetic and propionic acid concentrations in the
batch incubation, thus enhancing the biomethane production by
more than 30% (Figures 4–6). It indicates that Se is involved
in common hydrogenases (Oleszkiewicz and Sharma, 1990),
provides co-enzymes necessary for propionate oxidation and
syntrophic hydrogenotrophicmethanogenesis (Banks et al., 2012;
Yirong et al., 2015). Besides, selenocysteine (Sec) has been
recognized as the 21st amino acid, and a constituent of at
least 25 proteins, named selenoproteins, present in all living
systems from Archaea, Bacteria, and Eukarya (Nancharaiah
and Lens, 2015). Thus, lack of Se can slow down the AD
process. The biochemical role of Se in stimulating AD of FW
should be further studied using expression of the hydrogenases
as a function of TE concentration as done by Worm et al.
(2009).
The optimal Se concentration for AD of FW was determined
in the range of 25–50µg/L (0.32–0.64µM). Se was not detected
in FW-A, whereas it was 1.34 (±0.45)µg/gTS in FW-B. Thus, less
Se supplementation was required for the AD of FW-B to achieve
the same enhancement of the biomethane production (Tables 1,
4, Figures 4, 6). This indicates the lack of Se in local food can
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FIGURE 5 | Effect of Se (VI) and Fe (II) supplementation on the VFA production during the AD of FW-A: (A) Acetic acid; (B) Propionic acid; (C)
Iso-butyric acid; and (D) Butyric acid.
FIGURE 6 | Effect of Se (VI) addition on FW-B.
result in poor or deteriorated AD. It could be attributed to the
Se bioavailability in agricultural soils to bio-uptake by plants and
organisms, which dictates the entrance of Se in terrestrial Se
food chain (Winkel et al., 2011), and Se fertilization might be
needed.
Even though TE speciation and bioavailability was not studied,
this research showed their important implication. Bioavailability
depends on physical, biological, and chemical factors that are
highly complex and interdependent processes (Worms et al.,
2006; Glass and Orphan, 2012). For instance, sometimes even
if TE are taken up in the cell, their effects may be reduced
by complexation inside the cytosol, compartmentalization, and
eﬄux or by modification of the extracellular TE speciation
(Worms et al., 2006; Glass and Orphan, 2012). In general, TE
transport across the cell membrane is rate limiting and the
overall process can be simplified to a thermodynamic equilibrium
among the TE species. Further laboratory as well as mathematical
modeling research is required on TE speciation and TE effects on
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FIGURE 7 | Effect of hydrogen sulfide toxicity on AD of FW-B.
TABLE 4 | Enhanced AD of FW by supplementing TE.
TE Concentrations Experimental conditions Enhanced AD process References
Fe (50µg/L = 0.8µM) Mesophilic (35 ± 2◦C) batch 39% higher biomethane production from
FW-A, while no effect on FW-B
This study
Se (25–50µg/L = 0.32–0.64µM
depending on the initial concentration in
the FW)
Mesophilic (35 ± 2◦C) batch 30–35% higher biomethane production
from both FW-A and FW-B
This study
Cocktail of Se (0.2mg/L), Fe (5mg/L),
Co (1mg/L) and Ni (1mg/L)
Mesophilic (35◦C) continuous (OLR = 1–4 gVS/L.d) Recovered from VFA accumulation at 5
gVS/L.d
Zhang et al., 2015
Cocktail containing 0.1mg/L of Al, B,
Co, Cu, Fe, Mn, Ni, Zn, Mo, Se, and W
Thermophilic (55◦C) continuous (OLR = 1–4
gVS/L.d)
Delayed VFA accumulation by 88 days Yirong et al., 2015
Cocktail of Se (0.16µg/g) and Co
(0.22µg/g)
Mesophilic (36–37◦C) semi-continuous (OLR =
1.6–5 gVS/L.d)
Organic loading could be increased from 2
gVS/L.d to 5 gVS/L.d with no ammonia
inhibition
Banks et al., 2012
Cocktail containing 1mg/L Co, Ni, Fe Mesophilic continuous (OLR = 1.9–6.3 gCOD/L.d) Delayed digester failure due to VFA
accumulation
Qiang et al., 2012
Mesophilic batch 7.5–7.8 times faster fermentation process
as compared to control
Cocktail of Se (1.8mg/L), W (0.8mg/L)
and Co (0.06mg/L)
Mesophilic (37◦C) continuous (OLR = 2.5–3
gVS/L.d)
7–15% increase of biomethane production Feng et al., 2010
the AD process and how to use this to implement process control
of TE supplementation.
CONCLUSIONS
The supplementation of trace elements increased the biomethane
potential of a FW with low trace elements concentration: the
most effective elements were Fe with an increase of 39.2 (±0.6)%
of biomethane production of the FW from Europe, followed
by Se (34.1 ± 5.6% increase), Ni (26.4 ± 0.2% increase),
and Co (23.8 ± 0.2% increase). The same experiments
did not result in an increased biomethane production
when FW with an elevated background concentration of
trace elements was used, except for Se supplementation.
Addition of 10µg/L Se (0.13µM) to the incubation of
FW with background concentration (making the total Se
Frontiers in Environmental Science | www.frontiersin.org 9 February 2016 | Volume 4 | Article 8
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concentration∼ 50µg/L= 0.63µM) resulted in a 30% increased
biomethane production. Sulfide inhibition was not observed at
the prevailing concentrations, and hence the enhancing effect
of trace elements is at the enzymatic or biomass stimulating
level.
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